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|57 ABSTRACT

The present invention relates to artificial blood and blood
substitutes and supplements made by a process for Cross-
linking a proteinaceous material including an oxygen
transport/binding protein such as hemoglobin,
methhemoglobin, myoglobin and hemocyanin. The process
comprises: i) soaking the proteinac :ous material including
the oxygen transport/binding protein to be cross-linked in an
aqueons solution of high osmolality; ii) incubating the
rnaterial in an aqueous buffer including an amount of &
photooxidative catalyst sufficient to catalyze photooxidation
of the material; and ifi) irradiating the rnaterial and the
catalyst of step (i) with light that includes a range of
1uatEt\r<:]J:unlgrtlaus:;sueﬂlf:::ti?uﬂfilﬂf';adtrshtxtitrfzcl.Ijﬂyf'tllus:1zzert£1]ﬂy'5n L lrradiation
effected under conditions such that cross-linking of the

material oceours.

14 Clainas, No Drawings
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1
CROSS-LINKED OXYGEN BINDING
PROTEINS

TECHNICAL FIELD

Thas invention relates, in general, to an implantable tissue
resulting from a process for cross-linking and stabilizing
proteinaceons material, and i particular, to artificial blood
resulting from. a process for photooxidizing hemoglobin,
myoglobin, and other oxygen binding proteins in the pres-
ence of a photo-catalyst to cross-link and stabilize those
proteins.

BACKGROUND OF THE INVENTION

Reagents and processes currently wsed for protein cross-
linking generally depend upon the incorporation of the
cross-linking reagent into the protein matrix to cross-link: the
e-amino groups of lysine, hydroxylysine, and/or other
groups in the protein. Common cross-linking reagents in
such processes include formaldehyde and glutaraldehyde;
other processes include the mtroduction of a phthaloyl or
adipoyl moiety into the protein via phthaloyl dichloride or
adipoyl dichloride, respectively, and/or the introduction of a
mercaptan for oxidation to a disulfide bond.

The cross-linking processes, reactions and reagents of the
prior art vary, but most involve incorporating the reagent
into or around the protein. For example, recent data by
Cheung and Ninmi (Connec. Tissue Res. 10:201.(1982) and
Connec. Tissue Res. 13:109 (1984) on the cross-linking
reagent glutaraldehyde indicate that when this reagemnt is
used to treat collagen fibrils, for example, a polymeric-lLike
coating forms around the fibrls, resulting in stiffer collagen.
matrix.

In contrast, the cross-linked. product made by the method
disclosed herein does not depend upon the incorporation of

a cross-linking reagent into the protein to be cross-linked or
the coating of the proteim with a cross-linking reagent. The

present process invelves the use of photooxidative dye
which acts as a cross-linking oxidation catalyst or promotor
and which can be removed from the cross-linked product.
The use of photooxidative catalysts in various photooxi-
dation processes has been previously reported (see e.g., Ray.
Method in Bnzymol. 11:490 (1967); Westhead, Biochem
4:10 (1965);, Ray and Koshland, Jr., J. Biological Chem.
18:409 (1967); Foote, Science 162:3857 (1968); and Girotti,
et al., Photochemistry and Photobiology 29:1119 (1979)).
However, they either <o net appear to have been used for
cross-linking proteinaceous materials or do not suggest uses
for such materials. For instance, Ray and Koshland, Jr.,
supra, used methylene blue and Light to photooxidize the
enzyme phosphogluconmutase in an attenapt to identify the
amino acid residues of that protein which are essential to the
activity of the enzyme by selective destruction of amino
acids. Likewise, Westhead, supra, inactivated yeast enolase

by photooxidation of histidine residues with the dye rose

bengal.

Excitation of a dye by light has also been used to
covalently couple the dye to a protein (Brandt, et al.,
Biochemistry 13:4758 (1974)), and that technique has led to
a method of dye-sensitized photolabeling of proteins
{Brandt, et al., Anal. Biocheam. 93:001 (1980)). Although the
technique is nseful for such purposes as the study of the
molecular arrangement of proteinaceous membrane compo-
nents (Jd.) and protein conformation (Hemmendortt, et al.,
Biochem. Biophys. Acta 667:15 (1981)), the techmigue does
not appear to introduce iner- and/or intra-molecular cross-
kinks into the protein matrix.
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The above-cited Girotti, et al. reference discloses the
photooxidative cross-linking of heroglobin using a dye
such as methylene blue as a photosensitizing agent. That
reference, however, does not teach the use of the cross-
linked proteinaceous product as an implantable tissue, sug-
gesting only that the results reported in that reference noay
have implications relating to the general problem. of photo-
dypamic damage in red blood cells and stating that it was
safe to assume that cross-linking affects the ability of
hemoglobin to combine with oxygen.

A dye-catalyzed process said to be useful for preparmg
thermostable, imeversibly cross-linked collagenouns poly-
mers is described in U.S. Pat, No. 3,152,976, This patent
alleges that the product resulting from that process 15 char-
acterized by certain physical-chemical properties similar to
those obtained by prior art tanming processes. However, the
data presented in that patent <o not support a conslusion that
the product of that process possesses the properties which
would make that product a useful bioraterial. Instead, that
reference states that the product is rnore susceptible to
enzymatic degradation than “uncross-linked” collagen. Such
results are, of course, totally comtrary to the use of such a
product as, for instance, a heart valve (imagine a heart valve
digested by even the muldly proteolytic enzyme papain in
hours, or even seconds, as described in Exanaple VI of that
reference),

The results reported in the 976 patent can perhaps be
explained by a close examination of the process described
therein. For instance, the reference describes the preparation
of a “starting muaterial” on which the process set out in that
patent is conducted by dispersing collagencus material in
agueous acid solution. Acid has the well-knewn effect of
denataring the protein comprising the collagen fibril, It is, ot
course, the three-dimensional structure of the proteins com-
prising the collagen fibril which imparts to the fibril the
nnique properties of collagen; change that structure and the
protein cannot interact in the manner needed to give rise 1o
those properties. A further explanation for the results
described in that patent is suggested by P H. von Hipple,
“Structural amd Stabilization of the Collagen Moleculs in
Solution” (in Treatise on Collagen, Vol. 1: Chemistry of
Collagen, (. N. Ramachancran (Ed.), London: Academic
Press Inc. (London) Ltd, (1967), pp. 253-338 at 262),
reporting that collagen molecules extracted by actd and
neutral salt procedures differ in the extent to which they are
covalently cross-linked, size, shape, interaction propertics
and rate of fiber fonmation. Although based on prelinminary
data such that the author was careful to point out that results
had been reported by other investigators which did not show
any differences, subsequent experimentation supports the
existence of such differences.

In light of this prior art, it is surprising that photooxidation
of an oxygen binding/transport protein such as hemoglobin
in the presence of a photo-catalyst and sufficient oxygen,
under controlled conditions of pH and temperature, cross-
links and stabilizes the protein to provide a product which
can be used as a component of artihicial blood without
adverse effect on the functions and physical parameters of
the protein in blood. It is especially surprising that such a
cross-linked product will function for this purpose in light of
the statement in the Girottl, et al.. reference that it was safe
to assume that cross-linking bhemoglobin by the method
described in that reference affects the ability of hemoglobin
t¢ combine with oxygen.

OBJECTS OF THE INVENTION
An object of this invention 1s to provide a stable cross-

linked prodact which 1s usable as a component of artificial
blood.
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Another object of the present invention is to provide a
composition of matter which is usable in place of whole
blood which contains an oxygen binding/transport protein
which has been cross-linked in accordance with the method
of the present invention.

Other objects of the invention, as well as the several
advantages of the invention, willl be apparent to those skilled
in the art upon reading the specification, the examples and
the appended claims.

SUMMARY OF THE INVENTION

In accordance with the present invention, there is pro-
vided a component for use in blood or in an aqueous
suspension which is used as a substitute for blood whereby
an oxygen binding/transport protein is efficiently and etfec-
tively cross-linked and stabilized by subjecting such mate-
rial to photooxidation in the presence of a photo-catalyst. In
one embodiment, the present invention relates to the product
of a process for cross-linking an oxygen transport/binding
protein which comprises: 1) scaking the protein to be cross-
linked in an aqueous buffer of high osmolality; (ii) incubat-
ing the protein in an aqueous sclution imclucing sufficient
photooxidative catalyst to catalyze the formation of inter-
and intramolecular cross-links by oxidation of the material;
and (iif) irradiating the protein and the catalyst of step (i)
with light that inclades a range of wavelengths selectively
absorbed by the catalyst. Jrradiation is effected under term-
perature and pH conditions, and an oxygen concentration,
such that cross-linking of the protein occurs. This cross-

linked product is used as a supplement in whole blood to, for

instance. increase the oxygen binding and/or transport capa-

bilities of the blood (e.g., for anemic patients). 15 encapsu-
in accordance with known encap-
slation techniques and the capsules suspended in an
aqueous liquid which is provided with various salts and
sugars $o as to physiologically compatible with the bleod of
the patient, or inserted into the membranes of reb blood
cells. When so used, the products of the present invention
are superior to naturally-occurring hemoglobin for they

lated in lipid membranes

retain the mechanical properties of the pre-treated material,
are non-immunogenic, and are resistant to in vivo degrada-
tion. Therefore the cross-linked product of the present
invention is superior to the bicmaterials known in the art for

use in these applications.

DETAILED DESCRIPTION OF THE
INVENTION

The process of the present invention provides an efficient
and effective method for cross-linking and stabilizing vari-
ous proteinaceous materials including, but not limited to
hemoglobin. methernoglobin, myoglobin, hemocyanin, and
the oxygenated forms of these oxygen binding/transport
proteins. The term proteinaceous material as used herein
includes both these several binding/transport proteins and
protein-containing materials such as tissues, e.g., the muscle
or blood in which the protein(s) are contained. As a general
rule, the particular proteinaceious material ufilized as the

starting material is determined by the intended use of the

product. For instance, if it is desired to make a hemoglobin-

containing suspension which is useful as a supplement to the
blood of a patient during, for instance, a surgical procedure,
the material to be cross-linked can be provided as a tissue

sarnple, €.g., as whole blood. Such materials are harvested
from a donor animal and immediately immersed in cold
buffered saline for storage, with frequent rimses and/or
changes with fresh saline, until processed in accordance with
the process described herein.

|
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isolated using known separation techniques,
dispersed, or suspended (depending upon its previous
processing) in an aqueous media for processing in accor-
dance with the present invention. Suitable media for immer-
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The proteinaceous material to be photooxidized is then
and immersed,

sion of the proteinaceous rmaterial (for purposes of
convenience, the word “immersion” shall be considered to

include suspension and/or solubilization of the proteina-

ceous material) include aqueous and organic buffer soluticons

having a neutral to alkaline pH, preferably a pH of about 6.5

and above becanse of the denaturation caused by acid pH.
Particularly preferred ars buffered aqueous solutions having
a pH of from atout 6.8 to about 8.6. Examples of media that
can be nsed herein include:

1. water or low iondc strength butfers;

2. phosphate buffered saline,

3. high ionic stremgth buffers (y=1.75-3.0) and

4. organic buffers containing potassium or sodinm

phosphate, or potassium or sodium chloride, such as
Good’s buffer (e.g., HEPES, TES or BES-—Research
Organics, Inc.).
The media may also contain the photocatalyst, which is
preferably soluble therein.

In a particularly preferred embodiment, two media solu-
tions are utilized for what is referred to herein as “precon-
ditioning” the proteinaceous material before irradiation. The
material is “preconditioned” in the sense that rnaterials
soaked in the first media solution amnd irradiated in the
second are apparently better cross-linked, e.g., they show
decreased susceptibility to proteolytic degradation. The efhi-
cacy of this preconditioning is affected by the osmolality of
the first media solution, it being preferred that solutions of
high osmolality be used as the first media solution. Particu-
larly preferred are sodium, potassium, or organic buiffer
solutions such as sodiurn chioride, sodivm phosphate, potas-
sinm. chloride, and Good’s buffers baving a pH of from
about 6.8 to about 8.5, the osmolality of which have been
increased by addition of a solute such as 4M sucrose or other
soluble, high molecular weight carbohydrate o between
about 393 mosm and about 800 mosm.

The solute added to increase the osmolality of the first

media appears to have an adverse effect on the degree of
cross-linking of the product when present during irradiation,
Consequently, after soaking in the first media, proteinaceous
materials are preferably removed therefrom and immersed in
a second mdeia for irradiation. Th

» second media is prefer-
ably an aqueous buffered solution having a pH of from about
6.8 to about 8.6 in which the photo-catalyst is dissolved.

Preferred second media are sodium and potassiurn phos-
phate buffers having a pH of from about 7.4 to about 8.0 and

et

an osmolality of from about 150 to about 400 mosm, 30010
mosn1 being particularly preferred.

The material to be cross-linked is advantageously
immersed sequentially in the first media and then in the
catalyst-incorporated second redia prior to photooxidation
for a total period of time sufficient to allow tissue, dye, and
medinm to reach equilibrium. When the ratio of the con-
centration of the medium to that of the material to be
cross-linked is in the range of from about 10:1 to 30:1,
equilibrium. can generally be readily achieved. The ratio of
the concentrations is generally mot critical, and may be
adjusted up or down as desired. Once an equilibriumn is
reached, the sample is photooxidized in the catalyst-
incorporated medium. The time required to reach equilib-
rium varies depending upon such facters as, for instance, the
ternperature of the media solutions, the osmolality of the first
media, and the concentration of the tissue or other sample of
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proteinaceous material. A period of time as short as a tew
minutes or as long as several days may be suflicient, but
periods of from minutes to hours duration are generally
sufficient to allow sufficient time for most materials and
media to equilibrate. |

Generally speaking, the suitability of a catalyst for use in
the present process is dependent upon the ability of the
catalyst to be sensitized into an exited state (1.) where 1t
serves as a photosensitizer. The substrate then reduces the
(T.) state of the sensitizer by electron transter. Studies have
provided evidence that the substrate reacts intially with
triplet state catalyst, producing secondary reactive radicals
by electron or H atom transfer reactions. See, Spikes and
Straight, Ann. Rev. Phys. Chem. 18:409 (1967).

The catalysts contemplated for use herein are photooxi-
dative catalysts (photo-catalysts) that when activated will
cause transfer of electrons or hydrogen atoms and thereby
oxidize a substrate in the presence of oxygen. Although
varied results are possible depending upon the particular
catalyst utilized, appropriate catalysts include, but are not
limited to, those listed in Oster, et al., J. Am. Chem. Soc.
51:5095, 5096 (1959). Particularly preterred catalysts
include methylene blue, methylene green, rose bengal,
riboflavin, proflavin, fluorescein, eosin, and pyridoxal-3-
phosphate.

The concentration of catalyst in the media will vary based
on several process parameters, but should be sufficient to
insure adequate penefration into the material to be cross-
linked and to catalyze the photooxidation of the oxygen
transport/binding protein. A typical catalyst concentration
ranges from about 0.0001%--0.25% (wt/vol); the prefemed
concentration ranges from about 0.01 to about 0.1%. To
achieve maximum cross-linking and stabilization of the
proteinacecus product, the following steps should be taken:
{1) the photooxidative catalyst should be completely solu-
bilized in the reaction medium prior to use to ensure that the
desired dve concentration is achieved; (2) the concentration
of the catalyst in the tissue or suspension should be in
equilibrium with that in the surrounding medivum; and (3) the
catalyst solation should be filtered to remove any sizable
particulate matter, including chemical particulates, there-
fir Qi

Because the present invention involves primarily an oxi-
dation reaction, to assure completion of the reactiom, an
adequate supply of oxygen must be provided during photo-
oxidation. While an oxygen concentration of about 20% by
volurne (referring to the concentration of oxygen in the
atmosphere over the media) is preferred to assure suthcient
dissolved oxygen in the media to prevent oxygen content
from becoming rate limiting, concentrations>0% and rang-
ing up to 25% can also be used. Depending upon the
temperature at which the proteinaceous material is held
during exposure to light, the oxygen requirement can be met,
for instance, by agitating the solution or otherwise rmixing
the solution, suspension, or sample during the
process. Oxygen concentration in the atmosphere over the
media during irradiation is preferably maintained in the
range of from. about 5% to about 20%. Such concentrations
(again depending upon temperature) can also be achieved,
for instance, by bubbling air into the media during irradia-
fiom of the proteinaceous muaterial or, if concentrations
higher than about 20% are desired, by bubbling oxygen
mixtures or air having an increased oxygen content into the
media.

As with other catalytic or kinetic-type reactions, the
temperature at which the reaction 1s run directly attects the
reaction rate and the oxygen available in the media. Tests

reaction !
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conducted with various media ranging in pH from about 6.8

up to about 7.4 and having an osmolality of 30(::10 mosm
indicate that as the temperature of the media increases

from
about 4° C. to about 50° C., oxygen concentration drops in

roughly linear fashion from about 11-12 ppm to about 3
ppm. The dye-catalyzed photooxidation process
present invention is exothernmuc, and 1t 1s, therefore, pre-
ferred that a relatively constant tenaperature be maintained

of the

during irradiation of the proteimaceous material (o prevent
denaturation of the proteinaceous material and the driving of
the oxygen out of the media by the increase in temperature.
Usually, a recirculating bath is sufficient to maintain and
control the ternperature within the jacketed reaction vessel
or chamber, but placement of the reaction chamber within a
controlled environment such as a refrigerator or freezer will
work: as well. As disclosed herein, photooxidation conducted
al ternperatures ranging from about -2° €. to +40° (. has
been shown to be effective.; the preferred temperatures are
from about 0° to about 25° C. To prevent or alleviate
denaturation of the oxygen binding/transport protein com.-
prising the proteinaceous material, temperatures below the
denaturation temperature of that protein are preferred.
Likewise, temperatures above the freezing point of the
reaction medinm are also preferred.

It is the combination and/or interaction of the variables of
temperature, pH, and oxygen concentration described herein
which is believed not to have been previously identified as
critical in photooxidative cross-linking. Hence, the process
of the present invention is conducted at ternperatures low
enough to avoid heat denaturation and pH high enough to
avoid acid denaturation of the proteinaceous material during
cross-linking. Likewise, temperature is held at a level suf-
ficiemt to mizintain the oxygen concentration in the media in
which the proteinaceous material is momersed during irra-
diation.

Once the solution, suspension, or sample is prepared, it 15
photo-irradiated, preferably in a controlled system wherein
temperature, distance to light source, irradiation energy and
wavelenghth, oxygen concentration and period of irradiation
can be monitored and/or maintained. The solution,
sispension, or sample of proteinaceous material 1s photo-
irradiated under conditions sufficient to cause cross-linking.
Photooxidation is generally achieved wusing incandescent,
white light or fluorescent light, i.e., visible light, or that
portion of light in the visible range that is absorbed by the
catalyst. Inexpensive light sources such as household bulbs,
fluorescent lights and flood lamps are suitable for use herein.

The intensity of the light employed, and the length of time
required to cross-link a given proteinaceous material will
vary depending upon several factors. These include: (1) the
type and amount of proteinaceouns material; (2) the concen-
tration of the tissue sample in the media; (3) the distance
between the proteinaceous material and the irradiation
source; (4) the catalyst employed; (5) the concentration of
catalyst; and (6) the type and intensity of the light source.
For instance, exposure time may vary from as little as a few
seconds up to as touch as about 160 hours. With regard to the
intensity of the light, one or more lights may be used of
intensity preferably ranging up to about 150 watts, prefer-
ably held at a distance from. about 2.5 cm fo 12 cm from the
sample surface. Greater exposure time is required when
fluorescent or lower power lights are wtilized. These ranges
are quite variable; however, they may be easily determined
for a given material without resort to undue experimentation
using the disclosure and examples provided herein as a
guide. In a presently preferred embodiment, the intensity of
the light and the exposure time is conveniently expressed in
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lumen hours. and when common fluorescent lights are used
as the light source, a range of from about 100 to about
20,000 Iumen hours is utilized for cross-kinking most
samples of proteinaceous raterial.

Evidence of the cross-linking of the cxygen binding/
transport protein comprising the proteinaceous material by
photooxidation in the presence of a catalyst in accordance
with the process of the present invention is provided by
several tests. For instance, polyacrylamide gel electrophore-
sis of the irradiated material in sodiurm dodecylsulfate (for
example, 0.1%) may be used to evidence such cross-linking
by a significant decrease in the amount of lower molecular
weight material with the simultaneous appearance »f high
molecular weight material. While amine acid analysis of
hydrolyzates of cross-linked proteinacecus material demon-
strates a paucity of methionine, tyrosine and histidine (all
destroyed by photo-catalytic oxidation), this reduction is not
necessarily evidence of cross-linking. For example, if a
protein is treated with, KT solution, derivatization of
tyrosine and histidine occur, essentially eliminating these
amino acids from an amino acid profile without cross-
linking, as evidenced by the lack of change in the gel
electrophoretic patterns.

Further evidence of cross-linking is provided by solubility
and digestibility tests as known in the art. For instance,
cross-linked collagen is generally insoluble such that solo-
bility tests provide direct evidence of the degree of cross-
linking. The digestibility tests involve incubation of the
proteinaceous product with a profeolytic enzyme siich as
papain, trypsin, pepsin, or an enzyme known 1o specifically
catalyze the degradation of hemoglobin or the particular
oxygen binding/transport protein being cross-linked, and the
subsequent testing of the media in which the product and
enzyme are incubated for soluble degradation products of
the cross-linked product. The test is generally accomplished
by pelletizing the undigested, cross-linked product and the
enzyme by centrifugation and testing the resulting superna-
tant for degradation products. The latter is particularly usetul
in light of the destruction of the amino acid histidine by
rhotooxidation; analysis of the supernatant for histidine
content and a comparison of that content to the amount of an
amino acid sach as hydroxproline, which is not destroyed by
photooxidation, in the supernatant provides a particularly
sensitive assay for the degree of cross-linking. This com-
parison can be advantageously expressed as a ratio  of
histidine to hydroxyproline (his/hyp ratio), higher his/hyp
ratios being indicative of more effective cross-linking.

The process disclosed herein is carried out in a batch,
intermittent, or continaous manner. Following photo-
irradiation, the cross-linked product is advantageously sub-
jected to various treatments for the removal of the catalyst
and other chemicals or impurities found therein before being
used as a commponent in one of the blood supplements and/or
substitutes listed above. Multiple rinses in a fresh buffer
solution are, for example, used, followed by a least partial
de-watering with, for instance, ethanol. The number of
rinses and the volume of rinse solution required depends
upon the mass of the tissue or the suspended material and the
catalyst concentration utilized.

For purposes of completing this disclosure, all of the
references cited hereinabove are hereby incorporated by
reference. While the present invention has been described in
detail for purposes of clarity and understanding, it will be

clear to one skilled in the art from a reading of the disclosure
that changes can be made in form and detail without

departing from the true scope of the invention.
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What is claimed is:

1. A composition of matter for use as either a substitute for
or a supplement to blood made by a process for oss-linking
an oxygen binding protein comprising:

incubating a sample of an oxygen binding protein to be

cross-linked in an aqueous media solution of a photo-
oxidative catalyst bufffered to a pH of frorn about 6.8 to
about 8.0 and

irradiating the oxygen binding protein with light in the

presence of oxygen for a period of time sufficient to
cross-link the oxygen binding protein by transfer of
electrons while maintaining the temperature of the
media solution at between about -2° and about 40° C.
2. The composition of claim 1 wherein the pH is main-
tained in a range of from about 7.4 to about 8.0.
3. The composition of claim 1 wherein the oxygen con-
centration in the media is maintained doring irradiation by
maintaining the oxygen concentration of the atmosphere
above the media at a concentration of from greater than 0 up
to about 25%.
4. The composition of claim 1 wherein the oxygen con-
centration of the media during irradiation is rnaintained by
maintaining the oxygen concentration of the atmosphere
above the media at from about 5 to about 2(0%.
5. The composition of claim 1 wherein the oxygen bind-
ing protein is irradiated with a range of between about 100
and about 20.000 lumen hours.
6. The composition of clair 1 wherein the temperature is
raaintained between about 0° and abount 25° C.
7. The composition of claim 1 wherein the oxygen bind-
ing protein is soaked in an aqueous buffer solution before
being incubated in the aqueous media solution.
8. The composition of claim 7 wherein the osmolality of
the buffer solution is from about 393 to about 800 mosr.
9. Artificial blood comprising an aguecus solution of salts,
sugars and a cross-linked oxygen binding protein made by a
Process comprising:
soaking a sample of proteinaceous material including an
oxygen binding protein in an aqueous medium having
a high osmolality;

incubating the soaked proteinaceous raterial in an aque-
ous buffer including a photooxidative catalyst which,
when excited by incident light cross-links the proteina-
ceons material; and

irradiating the proteinaceous material in the aqueous

buffer including the catalyst with light while holding
the temperature and pH of the aqueous burlier at levels
suffficient to maintain the oxygen concentration of the
aqueous buffer so-as to sensitize the catalyst mto an
excited state which is reduced by oxidative cross-
linking of the proteinacecms material, the pH being
maintained at between about 6.8 and about 8.6 and the
ternperature being maintained at between about —2°
and about 40° C.

10. The artificial blood of claim 9 wherein the oxygen
concentration of the atmosphere over the aqueous medium
including the catalyst is maintained at a concentration
between greater than O up to about 25% so as to maintain
adequate oxygen concentration in the aqueous mediurn.

11. The artificial blood of clairn 9 wherein the catalyst 13
dissolved in the aqueous bulffer.

12, The artificial bleood of claim 9 wherein the temperature

"}1513 -
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is maintained at from about 0° to about
13. The artificial blood of claim 9 wherein the osmolality
of the aqueous medium is between about 393 and about 500
TROSIIL. | |
14. The artificial blood of claim 13 wherein the pH of the
agueous medium is between about 7.4 and about 8.0.
e e e
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